Introduction
Incineration of sewage sludge waste is the most cost effective thermochemical method of pre-treatment before disposal due to a large reduction in disposal volume, thermal destruction of toxic organics and the utilization of the energy in organic material in the sludge. The need to develop comprehensive incineration processes has been prompted by the scarcity of disposal space and the risk of environmental pollution associated with the untreated sewage sludge waste. However, phosphorus and other volatile elements vaporize and accrete to the furnace lining resulting in the corrosion attack of refractories during the incineration process.
1) Therefore, it is important to clarify the mechanism of phosphorus vaporization from the sewage sludge ash in order to reduce refractories corrosion attack by phosphorus accretion and to improve the process performance of the incineration process. The main objective of this investigation is to evaluate effects of pre-melting operation on the vaporization behavior of phosphorus from standard and Fe2O3-added incinerator ash of sewage sludge. Table 1 shows the chemical composition of the incinerator ash of sewage sludge used in the present work. In Sample A, iron oxides were added before the dewatering process and Sample B was obtained from a standard dewatering process. Sample A contained about 24 mass% Fe2O3 and Sample B contained about 4 mass% Fe2O3. Both samples contained more than 20 mass% P2O5. The other constituents present are mainly SiO 2 , Al 2 O 3 and CaO.
Experimental
The sewage sludge ash samples were prepared by pre-melting at 1 723 K in LaCrO3-heated electric furnace for 3 h using alumina crucibles and argon gas flow rate of 100 ml/min. The pre-melted samples were quickly withdrawn from the furnace hot zone, quenched with helium gas impinging and prepared for gas analysis. The compositional change or the dissolution of Al 2 O 3 and other oxides into the alumina crucibles due to the pre-melting operation was neglected. The sewage sludge ash samples of about 30 mg (including carbon weight) were heated to 1 700 K at a rate of 7 K/min under vacuum condition. A quadruple mass spectrometer was applied to study the vaporization behavior of phosphorus gas species in the non-isothermal carbothermic reduction process of the as-received and pre-melted incinerator ash of sewage sludge. Graphite powder was used as the reductant in the carbothermic reduction process. The carbon mixing ratio was varied from 14-30 mass% for Sample A, and 17-30 mass% for Sample B. More details on the mass spectrometer gas analysis experiments are available in the literature.
1)

Results and Discussion
The vaporization behavior of phosphorus gas species from pre-melted incinerator ash of sewage sludge samples was compared with that from the as-received samples. The phosphorus in both the as-received and pre-melted Fe 2 O 3 -added incinerator ash of sewage sludge samples was vaporized as phosphorus oxide gas species at around 1 000 K. Figure 1(a) shows the vaporization behavior of PO2 gas species from the solid state carbothermic reduction process of the as-received and pre-melted Fe 2 O 3 -added Sample A. As shown in Fig. 1(a) , the intensity of the phosphorus oxide gas species vaporized from the as-received samples was several orders higher than those vaporized from the pre-melted samples. It is interesting to note that the intensity of the vaporized PO2 gas species in both the as-received and the premelted samples increased with increasing the carbon mixing ratio, and decreased at higher temperatures due to the melting of oxides in the sewage sludge ash. For the sample A, the intensity of PO gas from the as-received samples was also found to be more than one order higher than those vaporized from the pre-melted samples. Figures 1(b) and 1(c) show the respective vaporization behavior of PO and PO 2 gas species vaporized in the solid state reduction process of pre-melted Fe2O3-added Sample A and pre-melted standard Sample B. The intensity of the phosphorus oxide gas species vaporized from pre-melted Fe2O3-added Sample A was higher than that vaporized from pre-melted standard Sample B, although the vaporization behavior was not as intense as that observed in the as-received samples. The reason of this difference was already discussed in the previous paper.
1) Namely, Sample A produce much large amount of CO gas than that of sample B. This CO gas can participate to reduce P2O5 effectively. The apparent reduction reactions of P 2 O 5 are shown in Eqs. (1)-(2). The subscripts (s) and (g) refer to solid and gas, respectively. As mentioned before, the produced CO gas will also take part in the reduction of P2O5, but they are not expressed here just for simplification. From the vaporization behavior of PO and PO2 observed in Figs. 1(a) , 1(b) and 1(c), it is clear that the vaporization behavior of phosphorus oxide gas species from the as-received samples was caused by the reduction of P 2 O 5 with contacted carbon and CO gas. On the other hand, the premelting operation stabilized the phosphorus oxides during the solid state reduction process as shown by the depressed vaporization behavior of phosphorus oxide gas species. Figures 2(a) and 2(b) show the comparative behavior of molecular phosphorus gas species, as P 2 and P 4 vaporized from the high temperature carbothermic reduction of asreceived Fe2O3-added and pre-melted Fe2O3-added Sample A. The initial vaporization of molecular phosphorus gas species was observed from around 1 400 K and peaked at around 1 673 K. The vaporization behavior of P2 and P4 gas species from the pre-melted samples was in the same order of magnitude as that vaporized from the as-received samples. Figures 2(c) and 2(d) show the intensity of P 2 and P 4 gas species vaporized from the high temperature carbothermic reduction of pre-melted Fe2O3-added Sample A and pre-melted standard Sample B. The intensity of the molecular phosphorus gas species from the pre-melted standard samples was independent of the carbon mixing ratio. In addition, the P 2 and P 4 gas species vaporized more easily from pre-melted standard Sample B than from pre-melted Fe2O3 -added Sample A. It is clear that the vaporization behaviors of molecular gas species were independent of the initial pre-melting conditions as shown in Figs. 2(a)-2(b) . Therefore, the pre-melting operation stabilized the phosphorus compounds in the solid state reduction process and had a strong effect on the vaporization behavior of molecular phosphorus gas species at higher temperatures. At higher temperatures, the increased contact between solid carbon and the melt enhances the rates of reactions shown in Eqs. (1)-(2).
The apparent high temperature reduction of P2O5 in the melt by solid carbon, and the subsequent vaporization of phosphorus gas species are shown in Eqs. (3)-(5). The thermodynamic behavior of phosphorus in steelmaking slag was investigated by several researchers in the past. 3, 4) The theoretical thermodynamic estimation were carried out in order to understand the vaporization behavior of phosphorus in the carbothermic reduction process of incinerator ash of sewage sludge containing more than 20 mass% P 2 O 5 . The reduction behavior of liquid P 2 O 5 is directly dependent on the activity of P 2 O 5 in the FeO-P 2 O 5 -SiO 2 -CaO-MgO-Al2O3 system. The activity of liquid P2O5 can be calculated from the relation between the activity coefficient and the mole fraction of liquid P2O5, shown in Eq. (6). 6) where, , and refer to the activity, activity coefficient and mole fraction of liquid P 2 O 5 , respectively. The activity coefficient of liquid P2O5, , was calculated by quadratic formalism based on the regular solution model proposed by Lumsden.
2) The regular solution model expresses the relationship between the activity coefficient of component i in a multi-component regular solution and cation fraction of i, as shown by Eq. (7). 2) ...... (7) where, Xi is the cation fraction of the component i in slag, and α ij is the interaction energy between cation i -O-cation j. In this case the reference state of the activity is taken to be a hypothetical pure liquid. For simplicity, the liquid incinerator ash of sludge studied in the present investigation was considered to behave as a regular solution of the FeO-PO2.5-SiO2-CaO-MgO-AlO1.5 system. Neglecting the effect of minor oxides and the shifts in the concentration of P2O5 and FeO during the vaporization reaction, the activity coefficient of liquid The mole fraction of liquid P2O5 , was calculated from the chemical composition of the pre-melted samples shown in Table 1 , assuming no compositional changes occur during the pre-melting process.
Nagabayashi et al., 3) and Banya 4) proposed a conversion factor between the activities of conventional liquid P2O5 and hypothetical liquid PO2.5 in slag, as shown in Eq. (10). In the present work, was calculated by Eqs. (6)-(10). The in the incinerator ash of sewage sludge melts was plotted as a function of temperature, as shown in Fig.  3 . Figure 3 clearly shows that the calculated value of in Sample B is four times higher than that in Sample A in the temperature range 1 500 K-1 700 K.
Therefore, the expected equilibrium partial pressure of molecular phosphorus species of due to the reduction of P 2 O 5 by carbon would be larger in pre-melted standard Sample B than in pre-melted Fe2O3-added Sample A. The calculated tendency supports qualitatively the vaporization behavior of the molecular gas species observed in the mass spectrometer gas analysis experiments at higher temperatures than 1 400 K.
In this study, the behavior of P contained gas vaporization from sewage sludge with temperature has been investigated. For the industrial application, the mass ratio of the vaporized phosphorous is important. The intensities of P contained gas species, however, do not indicate the absolute amount of these gases since most of them precipitate at the surface of the tube with low temperature. Thus, the quantitative analysis of P contained gas species vaporization kinetic will be the subject of a future study. ( ) ( ) ( )
